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Abstract 

 

Precipitates of the ordered L12 ’ phase (dispersed in the face-centered cubic or FCC  matrix) 

were imaged in Rene 88 DT, a commercial multicomponent Ni-based superalloy, using energy 

filtered transmission electron microscopy (EFTEM). Imaging was performed using the Cr, Co, 

Ni, Ti and Al elemental L-edges in the energy loss spectrum. Manual and automated 

segmentation procedures were utilized for identification of precipitate boundaries, measurement 

of precipitate sizes and overall area fractions. The automated region growing technique for 

precipitate identification in images was determined to accurately measure precipitate diameters.   

In addition, the region growing technique provided a repeatable method for optimizing 

segmentation techniques for varying EFTEM conditions.  

  

1. Introduction 

 

Ni-based superalloys are widely used as high temperature structural materials in aerospace 

propulsion systems. The typical microstructure in these materials consists of a dispersion of the 

ordered L12 ’ phase in an FCC  matrix. It is widely known that several mechanical and 

physical properties are strongly dependent upon the morphology, size and volume fraction of the 

’ precipitates [1-5]. These precipitates nucleate during the initial cooling from a supersolvus 

annealing temperature (solvus ~ 1124º C for Rene 88 DT), and the effect of cooling rate and 

subsequent aging treatments on the nucleation, growth and morphologies of these precipitates 

has been well documented [6-11]. Thus, developing techniques to accurately measure precipitate 

sizes and characterize precipitate morphologies is important. Several sample preparation and 

imaging techniques have been attempted in the past to study γ’ precipitate attributes, with 

varying degrees of success. For example, the use of chemical etchants and electropolishing 

techniques to preferentially remove either the γ matrix material or the γ’ precipitates can enhance 

the contrast of precipitate/matrix interfaces in SEM images [9]. While the larger secondary ’ 

precipitates (formed during the initial nucleation process while cooling from the supersolvus 

annealing temperature) can be imaged well through such procedures, such etching techniques 

may result in material loss at the boundaries; this can introduce significant errors in the 

subsequent measurement of sizes of smaller tertiary ’ precipitates, which normally form during 

a second nucleation burst during cooling and/or aging. Other techniques have focused on 

dissolution of the matrix followed by separation of the larger and smaller particles through 

settling and filtering [9,12,13].  However, such techniques may cause the tertiary γ’ particles to 
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agglomerate with secondary γ’ precipitates and carbides due to surface tension forces, thus 

complicating measurement and analysis.  

 

In contrast, successful imaging of the tertiary ’ precipitates has been performed using Energy-

Filtered TEM (EFTEM) [10,14,15].  The preferential segregation of elements between the  and 

’ phases generates image contrast in EFTEM. It has been reported that Al and Ti strongly 

segregate to the γ’ phase, while Cr and Co segregate to the γ matrix [14, 15]. In contrast to earlier 

studies that have imaged ’ precipitates using several elemental edges depending upon the 

multicomponent nature of the alloys being investigated [15,16], this research utilizes the EFTEM 

technique to accurately determine precipitate sizes using multiple segmentation procedures.  

 

Image analysis procedures that measure attributes of dispersed microstructural features typically 

involve the use of automated segmentation techniques and manual boundary region trace 

procedures. Various segmentation approaches have been used to measure the size of 

microstructural features based on grey scale intensity values [10,17-18].  For example, 

segmentation filters have been coupled with concurrent boundary trace methods to determine 

area fractions of equiaxed alpha in Ti-6Al-4V [17].  A similar manual trace method was used to 

measure the area fractions of secondary and tertiary γ’ precipitates in Rene 88DT [10]. While the 

manual trace method is time consuming and influenced by selection of the boundary (which is 

difficult for precipitates with graded intensity contrast at the interface), many current automated 

approaches have trouble identifying microstructural features with diffuse interface regions in 

images with varying background intensity.  Although the manual trace methods overcome this 

issue by using operator judgment, an element of subjectivity is introduced in the analysis.  

Clearly, techniques that can segment precipitates with diffuse interfaces in a repeatable, 

automated manner are highly desirable.  This research focuses on determining the impact of 

using different elemental edges in EFTEM imaging, while comparing both manual and 

automated techniques for determining precipitate sizes.   

  

1. Material and Methods 

 

1.1 Processing and Imaging History 

 

The commercial Ni- based superalloy Rene 88DT was selected for this study primarily because 

of its ability to produce ’ precipitates of various sizes (typically 5-300nm) depending on thermal 

processing. Effective imaging of these precipitates coupled with robust stereological methods to 

obtain size and distribution of ’ precipitates is vital to calibrate and validate the computational 

models that are currently being developed to predict the properties. A sample was cut for this 

research from a forged disc produced and tested under work supported by the Defense Advanced 

Research Projects Agency [19]. The bulk chemical composition of the Rene 88DT sample is 

given in Table I. The sample was solutionized at 1150° C to dissolve primary γ’ and then water 

quenched and subsequently aged at 760° C for 25 hours to produce a fine dispersion of unimodal 

primary γ’ precipitates. Segregation of alloying elements across the γ/γ’ interface and 

compositions within the precipitate and matrix, as determined using 3-Dimensional Atom Probe 

(3DAP) Tomography [8], were used to determine the potential element edges for EFTEM 

imaging.  TEM foils were prepared from the heat-treated sample according to the procedure 

described in reference [10]. Samples were analyzed in a Tecnai-F20 FEG/200 kV microscope. 
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Energy filtered transmission electron microscope (EFTEM) images were acquired using a Gatan 

image filter (GIF) with a slow scan YAG scintillator. The three-window method [15] was 

deployed using the power law function to correct the background using Digital Micrograph 

software. The experimental parameters for obtaining EFTEM images such as the types of 

ionization edges, operating slit widths for particular elements are listed in Table 2.  

 

1.2 Image Analysis Procedures 

 

Two types of image analysis procedures were employed to evaluate the precipitates. The first 

involved a manual trace method where the particle boundary was traced onto the image using 

Fovea Pro© [20] filters added to Photoshop©  [21].   The traced particle size and its equivalent 

diameter were then determined based on the number of pixels, as described elsewhere [17].  For 

the second approach, image analysis was performed using an intensity-based technique 

developed with Labview© [22].  First, each particle and the adjacent surrounding matrix area 

was cropped from the image and analyzed as a separate image. This technique segmented each 

particle using user defined minimum and maximum threshold parameters.  For instance, if a 

pixel intensity was greater than the minimum threshold parameter and less than the maximum 

threshold parameter, the pixel was assigned to the particle.  Otherwise, the pixel was assigned to 

the matrix.  A rectangular bounding box containing the segmented particle was then used for 

quantitative measures of particle size/diameter.  Rules for connectivity were applied to refine the 

bounding box.  Initially, the minimum and maximum threshold parameters for an eight bit image 

were set to 0 and 255, respectively.    Three criteria were used to determine the number of pixels 

[23]: 

 

 

1. In the Diagonal technique, the rectangular bounding box’s height and width are 

calculated for each particle.  This method tracks the diagonal distance (in pixels) between 

opposite corners of the bounding box.   

 

2. In the Maximum Feret technique the maximum feret diameter (pixels) associated with the 

bounding box was calculated as below:  

 

Maximum Feret Diameter =   (1) 

 

where Fy1 and Fy2 are the starting and ending feret diameters in the y direction, and Fx1 

and Fx2 are the starting and ending feret diameters in the x direction.   

 

3. In the Automated Area technique the number of pixels within the particle is counted.  

 

The automated approaches were easily implemented with direct observation of the precipitate 

area during the procedure.  That is, the real-time plots that showed how the particle pixel count 

changes with minimum threshold parameter allowed the user to manually identify when the 

precipitate boundary was crossed based on the slope of the plot. 

  

2.3 Region Growing Technique 
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Several disadvantages associated with automated intensity routines were addressed through 

creating an automated region growing technique for segmenting the γ’ precipitates [24].  First, to 

discourage non-spherical growth with the region growing technique, the addition process was 

modified to include a density-based weighting factor.  Similar to the typical region growing 

algorithm, the intensity difference was calculated for each pixel neighboring the region.  

However, instead of adding the pixel with the closest intensity value, the intensity difference for 

each pixel was multiplied by a weighting factor function and the pixel with the lowest value was 

added.  By multiplying this weighting factor by the intensity difference for each pixel, this places 

a higher (lower) probability of adding a pixel surrounded by a large (small) number of pixels 

belonging to the region.  The weighting factor function is given by, 

 

       (2) 
 

where n is the number of neighbors belonging to the region in a local neighborhood centered 

around each pixel and c is a constant that normalizes the weighting function such that the value 

of w(c) = 1.   

 

Second, to eliminate the requirement of a user-specified threshold parameter and make this 

technique automated, the stopping feature of a typical region growing algorithm was modified.  

To accomplish this, the threshold parameter for the region growing algorithm was incrementally 

increased and a penalty function was calculated for each threshold parameter.  In this study, the 

penalty function was chosen to be the difference between the mean intensity of the border just 

inside the region and the mean intensity of the border just outside the region (7 pixel thickness in 

both cases).  The threshold parameter that maximized the penalty function was the critical 

threshold parameter that defined the optimum segmentation for the precipitate.    

 

3. Results and Discussion 

 

3.1  EFTEM imaging of ’ precipitates 

 

Previous studies have shown that EFTEM imaging is a superior technique compared to CTEM 

and STEM methods for imaging fine ’ precipitates because of the elemental partitioning effect 

leading to better contrast in EFTEM images and its rapid acquisition capability. Recently, this 

method was effectively used in ’ coarsening studies by Tiley et.al [10] to determine size and 

morphological changes of these precipitates under varying heat treatment conditions. The authors 

in that study had primarily used the Cr-L ionization edge to image the precipitates. While Cr-L 

edge is still considered best suited for better contrast in the images, the use of ionization edges 

from other alloying elements  (Ni,Ti,Al and Co) has not been explored to estimate the size of ’ 

precipitates.  More recently, 3D atom probe (3DAP) tomography studies have shown that the  

/’ interface is not abrupt but instead rather diffuse with a compositional gradient across the 

interface [25]. Hence, another aspect of this study is to see whether the subtle differences in the 

partitioning of different alloying elements seen in the 3D atom probe could impact the 

stereological measurements if EFTEM imaging of ’ precipitates was attempted with elements 

other than Cr. 
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Based on the 3DAP results shown in Figure 1, Cr shows the greatest segregation between the 

matrix and ’ precipitates while Mo shows very little partitioning [8].  Specifically, Cr, and Co 

segregate to the matrix material while Ti, Ni, and Al segregate to the precipitate.  Figure 2 shows 

examples of the elemental maps obtained using the L-edges for Ti, Cr, Ni and Al. These specific 

edges were chosen for imaging by adapting a strategy [15], whereby the imaging conditions were 

optimized for both better signal-to-noise ratio (SNR) and contrast-to-noise ratio. The brighter 

regions in these images are richer in their respective elements. EFTEM mapping using ionization 

edges that normally lie in the low-loss-region (30-90 eV) were mostly avoided due to excessive 

overlapping of the edges (which would require complex de-convolution methods).  However, in 

the case of Al, despite being in the low loss region, the Al L-edge (73eV) was still chosen 

because it had a higher intensity compared to the Al-K edge (1560 eV), which was too far out in 

the electron energy loss spectroscopy (EELs) spectrum.   

 

The EFTEM images obtained using the different elements were subjected to rigorous 

stereological measurements. In the semi-automated mode, the individual precipitates were 

manually traced and quantified with the help of FoveaPro© software.  In the fully automated 

mode, various image segmentation techniques (in-house developed) were utilized to effectively 

delineate the precipitates from the matrix. Once the precipitate/matrix boundaries were 

identified, the sizes of the precipitates were measured using different methods, as discussed in 

section 3.2.  

 

3.2  Manual and automated techniques 

 

It is important to note that imaging with different elemental edges can also highlight artifacts 

associated with imaging. An example of such a case is shown in Figure 3 where a single particle 

that is visible in the Ti-L EFTEM image shows up as two separate particles in the Cr-L EFTEM 

image of the same location.     

 

A total of 51 particles from the eight locations were processed using the manual trace and 

automated methods.  An example of the automated area method is shown in Figure 4.  Figure 

4(a) shows the original image of the precipitate using the Cr-L element edge, while Figure 4(b) 

shows the bounding box and thresheld image using the procedure shown in Figure 4(c) and 4(d). 

As the bounding rectangle begins, it encompasses the entire image region (since all intensity 

values fall within the range).  However, as the minimum threshold parameter increases, the 

bounding box size decreases; the rate changes rapidly at the precipitate boundary.  This is 

indicated on the plots in Figures 4(c) and 4(d) by the change in slope at the minimum threshold 

parameter of 94.  Figure 4(d) is a magnified plot of the intensity to highlight the slope change. 

Once the precipitate boundary is crossed, independent regions develop within the image. This 

technique then treats the new unconnected regions as separate particles, which reduces the pixel 

counts within the main particle.  For simplicity, Figures 4(c) and 4(d) only plot out the number of 

pixels for the main precipitate, so at large minimum threshold parameters, the curve declines 

sharply as smaller particles are formed within the image.   Results for the method comparisons 

are shown in Table 3, which includes the values obtained using the manual boundary trace 

method.  The average equivalent diameter values for the automated methods were within 7.6 % 

of the values obtained using the manual method.  In fact, the average equivalent diameter 
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determined using the automated area method compared within 1.4% with the value determined 

using the manual method, with a very similar standard deviation of 6.953 (compared to 6.890).   

 

The automated area method was used to analyze one particle from each of the 8 locations imaged 

using the 5 elements.  The resulting intensity curves are shown in Figure 5.  The curves for Cr-L, 

Ni-L, and Ti-L were less sensitive to the changes in the intensity values for the region of interest. 

This is reflected by the reduced slope of the curve as the minimum threshold parameter increases 

past the precipitate boundary pixel value in the image.  The intensities of the Cr-L images were 

inverted to compare with the other element images.  The choice of these element edges provided 

insight into the impact of choosing elements that were segregated to the matrix (Cr) or to the 

precipitate (Ti, Ni).  Based on these results, the Cr-L, Ni-L, and Ti-L edge EFTEM elements 

were chosen for the final evaluation and comparison.   

 

The manual trace method was used for a final evaluation of the particles.  The method was found 

to provide similar results to the automated area method and was easier to apply without cropping 

the precipitates from the images.  Each of the Cr-L EFTEM element edge images were evaluated 

for all viable precipitates (total of 157) from 8 different locations.  The resulting average 

equivalent diameter was 33.567 nm, with a standard deviation of 7.504 nm.  A similar evaluation 

using the Ti element edge images provided an average equivalent diameter of 33.351 nm with a 

standard deviation of 7.710 nm for 163 precipitates.  For the Ni EFTEM element edge image 

evaluation, the average equivalent diameter was 33.924 nm with a standard deviation of 8.860 

for 148 precipitates.  The three techniques provided equivalent diameter values within +/- 1.8%.  

Using the following equation for the estimated error: 

 

Standard error = σ/      (3) 

 

where σ is the standard deviation, and N is the sample number of precipitates, the estimated 

standard errors using the three elements are between 0.599 and 0.731 nm.  Cr-L was chosen as 

the preferred element edge because the Cr-L images provided clearer boundaries where particles 

overlapped, and the results were comparable with the diameters determined using the Ti-L 

element images. 

 

3.3  Region Growing Technique 

 

The approach was tested using the same 51 ’ precipitates from the Cr-L EFTEM images that 

were used for the automated area evaluation method.  For the following analysis, the region 

growing technique used a density-based weighting function with two independent parameters 

[24].  As can be observed in Figure 6, the measured precipitate size increased with increasing 

threshold parameter for the 16-bit EFTEM images.  However, in the absence of a proper 

stopping criterion for the region growing algorithm, the choice of threshold parameter can 

greatly affect the measured size of the precipitate.  Figure 7(a) shows the mean intensity values 

and the intensity difference relating to the automated stopping criterion for the region growing 

technique.  Recalling that the automated stopping criterion compares the mean intensity from 

inside the region to that outside the region, it is evident that for small threshold parameters, the 

intensity of the area outside the region is approximately equivalent to the intensity of the area 

inside the region, i.e., the majority of the pixels within both areas lie within the precipitate.  
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However, as the region grew towards the diffuse precipitate interface, the intensities in both 

areas decreased.  The difference between the mean intensities for these two areas is also shown 

in Figure 7(a).  We define the optimum segmentation of the precipitate as the threshold 

parameter that gives the maximum intensity difference between these two areas.   The routine 

quantitatively identified the boundary of the precipitate based on the intensity value gradient 

across the interface, as shown in Figure 7(b) where the red boundary line has been overlaid onto 

the original image.  The resulting average equivalent diameter for the precipitates was 35.834 nm 

with a 2.99% difference when compared with the result obtained using the manual trace method. 

 

The difference between the two methods could be minimized by altering parameters related to 

the neighborhood size and weighting factors or by defining a stopping criterion that more closely 

matches manual segmentation.  However, for this study the values chosen provided a growth 

shape compliant with the spherical nature of the precipitate, and also allowed routine completion 

within an acceptable time constraint.  For the purposes of measuring the precipitate diameter and 

area fraction, the parameters used for the region growing technique were acceptable.  Further 

work analyzes the sensitivity of the precipitate diameter and area fraction to the region growing 

parameters [24] and how to reduce the differences between the region growing routine and the 

manual trace method.   One advantage over previously discussed automated methods is that once 

the optimum parameters are determined, the region growing algorithm requires no user 

intervention.  At present, the automated area method still requires the user to select the optimum 

minimum threshold parameter based on the plots. 

 

4.0  Conclusions  

 

1.  Although the Cr EFTEM images contained more contrast information, especially in the 

case of precipitates that overlapped on the image, the measured precipitate areas and 

diameters were similar to the values obtained from the Ni and Ti EFTEM images (within 

1.8% difference).  As a result, the Cr electron-energy loss edge provided the best contrast 

between the  and ’ phases in the EFTEM images, followed closely by Ti and Ni.  W, Al 

and Co did not provide the same quality of data in the corresponding EFTEM images. 

 

2. The EFTEM images acquired using electron-energy loss edges corresponding to the 

elements that partition to the  matrix exhibited higher contrast for small precipitates as 

compared with the images acquired using the edges for elements partitioning to the ’ 

phase.  This was easily observed for the Cr EFTEM images where small precipitates (less 

than 5 nm) were clearly visible at locations where they were not as visible using Ti and 

Ni energy loss edges.   

 

3. The automated approaches worked well when run with direct user observation of the 

bounding regions.  Resulting changes in the number of pixels within the intensity range 

versus the minimum intensity values provides a possible mathematical tool for 

determining precipitate size directly from intensity data.  The automated procedures 

provided results within 8% of each other, and compared favorably to the manual trace 

process typically used. 
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4. The region growing technique provides a reproducible, automated approach for 

measuring precipitate area diameters and identifying interfaces with diffuse intensity 

gradients.  Future work will examine optimizing region growing parameters to more 

closely match precipitate statistics corresponding to those from manual segmentation. 
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Table Captions: 

 

Table 1: Composition of Rene88DT water quenched sample 

 

Table 2: Energy Filtered Transmission Electron Microscopy ionization edges 

 

Table 3: Results for different processing methods used in determining the equivalent diameter of 

precipitates 

 

Figure Captions: 

 

Figure 1:  Chemical segregation between the γ’ precipitates and matrix γ in RENE88DT water 

quenched samples as determined from atom probe tomography [24].  The interface boundary is 

at the 4.5 nm distance value. 

 

Figure 2:  EFTEM image particles for Al, Ti, Cr, and Ni element edges.  Images are from 

location 1. 

 

Figure 3:  EFTEM images of location 2 using Ti and Cr element edges.  Note the added contrast 

detail for the Cr edge image for the overlapped middle particles that appear as one particle in the 

Ti image. 

 

Figure 4: a) original image, b) bounding box of particle, c) plot of pixel count for minimum 

intensity values, d) the change in the slope at intensity parameter equals 94 provides the 

boundary. 

 

Figure 5:  Particle pixel count plots for different EFTEM element images, for a particle in 

location 1. 

 

Figure 6: Pixel number plot versus the intensity values for the Region Growing Routine, with the 

neighborhood particle value of 5.  The data represents particle 6 of location 8 imaged using the 

Cr element edge. 

 

Figure 7:  Data for particle 6 of location 8 imaged using the Cr element edge.  

a) Pixel number plot versus the intensity values for the Region Growing Routine, with the weight 

function comparison factor equal to 9, b) overlay of the interface boundary (in red) on the 

original image.  
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